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Abstract. The Standard Solar Model (SSM) is no more sufficient to interpret all 
the observations of the radiative zone obtained with the SoHO satellite. We recall our 
present knowledge of this internal region and compare the recent results to models 
beyond the SSM assumptions. Then we discuss the missing processes and quantify 
some of them in using young analog observations to build a more realistic view of our 
star. This progress will be useful for solar-like stars observed by COROT and KEPLER. 

1. A dynamical view of the radiative zone of Sun and solar-like stars 

The SoHO satellite (Domingo 1995) continues to measure the solar acoustic mode char- 
acteristics and has also detected the fi rst gravity mode frequencies dTurck-Chieze et all 



200 1L 120041: iGarcfa et alJl2007L 1201 lh . From these data, we deduce a sound speed pro- 



file and a rotation profile in the whole radiative zone. 

On the other side, neutrino detections put other constraints on the solar core in total 
agreement with the helioseismic results (Turck-Chieze and Couvidat 2011). Moreover 
the study of gravitational moments shows also that the dynamical processes cannot be 
forgotten and that even for this surface effect, the knowledge of the dynamics of the 
radiative zone is crucial (Duez, Turck-Chieze, Mathis 2011). 

Stellar internal radiative zones depend on the long term history of stars, their en- 
ergy transfer, rotation history and activity of their early stages. The Sun is the only star 
for which the internal radiative zone is known with such details but hopefully, thousand 
analogous stars begin to be studied by asteroseismology. Young analogs are also ob- 
served in UV and EUV with their amount of mass loss, some magnetic configuration 
reveals the topology of their magnetic field. So these complement observations invite 
us to create the link between young stars and solar-like stars of several Gyrs. 
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Figure 1. Left: Differences in squared sound speed and density between 
GOLF+MDI/SoHO and solar model predictions. Seismic model: full line + seis- 
mic error bars, SSM model (--) us ing the most recent updated physics. See 
iTurck-Chieze. Piau & Couvidatl (1201 ll) . Right: Rotation profile extracted from the 
first gra vity dipole modes an d all the acoustic modes observed with the SoHO satel- 
lite. See Garci a et al.ld2011l) . 



2. The knowledge of the internal radiative zone 
2.1. Solar sound speed, density and rotation profiles 

The kn owledge of the sol ar radiative zone has been larg ely improved thanks to the 
GOLF (iGabriel et al.ll 19951) and MDI dScherrer et al.ll 19951) instruments aboard SoHO. 
The detection of most of the acoustic modes, including the radial modes i = of low 
orders that are not polluted by any surface solar cycle effect, has allowed a determina- 
tion of the sound speed down to 0.06 R G without ambiguity ( Turck-Chieze et aDl200ll) 
in integrating 5 years of SOHO/ GOLF and MDI observations. The inversion of these 
data leads to an extremely precise vertical error bar but a non negligible horizontal error 
bar (see also Figure 2 left). This profile has been confirmed after 30 years of measure - 
ments on ground by the BiSON network for the low degree modes ( Basu et ai1l2009h . 
The two results are strictly the same in the radiative zone. 

Fig 1 left compares this profile to two models: the Solar Seismic Model (SSeM), 

ajusted on the observed sound speed, and the SSM that integrates all t he updated ingre- 

dients including the new photospheric CNO estimate, see the review of lTurck-Chieze & Couvidat 
(1201 ll) for more information (TCC2011). 

From the same seismic data plus the first dipole gravity modes, we can also extract 
the rotation profile of Figure 1 right down to the same region in the core. The error 
bars are still large due to the small number of modes detected. The latitudinal effect 
must be confirmed by the detection of more splittings which w ill improve such profile. 
Nevertheless one observes clearly dGarcia et all 120071 1201 1 ) an increase in the solar 
core that succeeds to a quasi flat rotation in the rest of the radiative zone. 
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Figure 2. Left: Zoom on the absolute value of the sound speed in the core, 
the vertical error bars are multiplied by 100 for clarity. The extracted val- 
ues are compared to the SSeM (in black) and to the SSM model in orange 
(dashed lines including also models w ith central luminosity increased by 2%. See 
Turc k-Chieze. Piau & Couvidatl d201 lb . Right: Difference in the dipole mode peri- 
ods (expressed in minutes) between S SM and GOLF (diamond s with error bars) or 
SSeM (red crosses) and SSM. See also lTurck-Chieze et all (1201 lb . 



2.2. A zoom on the solar core: neutrinos and gravity modes 

In the nuclear core, three probes are now available: neutrinos emitted at different re- 
gions of the core, acoustic radial modes and gravity modes. We get now a lot of in- 
formation from these 3 probes: 5 neutrino detectors sensitive to different energy of 
neutrinos, more than 20 radial acoustic modes and at least 6 gravity mode frequencies 
and the related splittings. In fact they all agree together through the predictions of the 
SSeM that has been built to reproduce only the sound speed on the whole radiative zone, 
the information coming from one of the three probes: the acoustic mode frequencies. 

Figure 2 illustrates this point comparing the absolute sound speed with models and 
the difference of the periods of the gravity modes between SSM and SSeM with the 
proximity of the observational values of GOLF. TCC201 1 show also in their table 9 the 
excellent agreement between the prediction of the emitted neutrinos and the 5 neutrino 
detectors. The central temperature is strongly constrained by the boron neutrino flux 
and the central density by the gravity mode frequencies, so the solar values must be 
well reproduced by the seismic model values: Tc = 15.75 10 6 K and pc =153.6 g/ cm 3 . 
This inform ation also useful for putt ing some constraints on the potential presence of 
dark matter dTurck-Chieze et al.ll20TTl) . 

This seismic model is extremely useful for its predictions but it is not a physical 
model of Sun and solar-like stars as it is not able to reproduce the solar rotation profile 
(rotation effect is not included in the equations that describe SSeM or SSM). It does not 
also predict any variability like the solar cycle or any other dynamical process that one 
needs to introduce in the radiative zone. 
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3. The stars are rotating objects 

Rotation is the first hydrodynamical process that exists in stellar radiative zones. It is 
generally ignored due to its small direct effect on the stellar structure except for massive 
stars. For the first time, we get now the solar observed profile, so one needs to better 
explore the transport of momentum due to rotation along stellar evolution. By chance, 
we begin also to have some hints fro m other stars thanks to the splitting of th eir mixed 
modes for subgiant or red giant stars dDeheuvels et al.|[201 lhlBeck et al. 1201 lh . 



Let compar e the obtained rotation pro file to models including rotation and trans- 
port of rotation ( Turck-Chieze et ai]|2010h . We have built several models to follow 



the time evolution of the rotation profile (see also in our work references of previous 
works). In these computations, we have followed the internal structure of the premain 
sequence evolution corresponding to the decoupling of the s tar from t he dis k (see Fig- 
ure 5). We compare also our models to the observations of iBouvier (2009). We have 



built two classes of models respectively called A and B or C. The first class (A) con- 
sists in purely academic models starting with a small rotation that evolves naturally 
toward the present external velocity of 2 km/s. The second class (B and C) reaches 
surface velocity of about 20 to 50 km/s before the ar rival on the main sequence and 



then are spin down by magnetic braking following fhe lSkumanichl (119721) law down to 
the pre sent solar rotation. Models B and C are compatible with observations of lBouvier 
d2009h (Figure 3 top left). Our transport of momentum follows the prescription of Zahn 
(1992). Figure 3 illustrates our results and conclusions. One notices (Figure 3 top right) 
that the radial gradient of rotation is mainly established during the contraction phase, 
the first 45 Myrs. Then the evolution of this profile is quite slow and slightly different 
from one code (for example CESAM) to another (STARE VOL). The two codes use the 
same transport of momentum prescription but the meridional circulation associated to 
the rotation transport becomes quickly extremely slow in comparison with what one 
can observe in the convective zone (Figure 3 bottom left). This fact contributes to the 
difficulty to model such effect in a conventional evolutionary code and justifies slight 
numerical differences between them. 

Figure 3 bottom right summarizes the final results for the rotation internal profile. 
One can notice that the gradient observed for models B (20 km/s at the arrival on the 
main sequence and C (50 km/s) do not agree with the rotation profile observed by 
seismology. They show important gradient along the whole radiative zone. Models A 
agree better in the core but models A do not respect the observations of young stars 
nor the spin down observed along the main sequence. Moreover in the two kinds of 
modeling, one never reaches a fl at rotation profile outside the nuc lear core as it is well 
established now by MDI results (Korzennik & Eff-Darwich 2011). 



So the progress done on the solar internal rotation profile by the first detection of 
gravity modes in the solar core and by acoustic modes in the rest of the radiative zone 
is presently not understood. This year, asteroseismology adds new results that confirm 
the s olar one: a gradient o f about a factor 5 between core and surface in a subgiant 



star ( Deh euvels et al] 120 1 1 ) and gradients of about a factor 10 in giants (Bec k et al. 



20111) . These complementary observations are compatible with a slow transport effect 
along the main sequence coupled to an accelerating of the core rotation in red giants 
in comparison to the surface rotation. Such important results encourage certainly to go 
further on the dynamics of the radiative zone. 
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Figure 3. Top Left: Evolution of the rotation of young stellar objects of 1 M in 
comparison with the solar present rotation. Two kinds of stars are considered: rapid 
and slow rotato rs, the Skumanich law is superimposed on the main sequence. From 
lBouvierl d2009). Top Right: Time evolution of the internal rotation of a 1M consid- 
ered as a slow rotator reaching the MS at 20 km/s obtained by 2 different evolution 
codes: CESAM and STAREVOL the 45Myrs line corresponds to the arrival on the 
MS, then the star is slow down by magnetic braking applied at the surface. Bottom 
Left: Meridional circulation of the present Sun for the same model. Bottom Right: 
Comparison of the GOLF result to the different models (A, B and C) see text. From 
iTurck-Chieze et alj d2010t) . 
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Figure 4. Squared sound-speed and density differences between the helioseismic 
inversion of the acoustic mode frequencies obtained with the GOLF+MDI/SOHO 
instruments, and various solar models. Left: The SSeM appears in black with 
error bars, the SSM models have been calculated for the GN composition (large 
dashed model and models.) The small dashed curve corresponds to the 

SSM model modified by rotation and transport of momentum by rotation. From 
iTurck-Chieze et ail d2010h . Right: The updated standard solar model including As- 
plund et al (2009) is in green double dashed line, the SSM model with mixing in 
the tachocline is in red dashed line, the seismic solar model is in black line with 
the seismic error bars, and a model with mass loss in the early evolutionary phases 
following observations from young so lar analogs is in blue long dashed line. See 
ITurck-Chieze. Piau & Couvidat! d201 lb . 



4. What we learn from young solar analogs 

The limitation of SSM appears also in its lack to model the young solar analogs. It is 
now well established that these stars are extremely active in their first stage and that 
their UV manifestation can be about 1000 times greater than the present solar activity. 

So if the internal rotation profile is largely influenced by that stage of evolution, 
it is important also to introduce the processes that are connected to that early activity. 
The energetic balance, in the SSM framework, is dominated by the nuclear produc- 
tion in the core and the transfer of energy by radiation in the whole radiative zone 
including the core. In real stars it is not clear that it is the same. The transformation 
of energy through kinetic energy, magnetic one is not excluded during the early stage 
where the Sun was totally or mainly convective. Moreover the comparison between 
the central conditions of the Sun, verified by neutrinos and gravity modes, and the 
external luminosity let place for small difference of several % which cannot be under- 
stood inside the assumptions of t he S SM where radiative transfer is instantaneous. See 



Turck-Chieze. Piau & Couvidat! (1201 ll) . 
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Formation of the central protostellar object 
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Figure 5. 
(2002). 



Representation of the evolution of young stellar objects. From I Andrei 



Using young stellar analogous of the Sun and their time activity evolution laws, 
we deduce a greater initial mass than the present Sun and consequently an increase 
initial luminosity with important consequences for the formation of planets and for 
the induced present sound speed profile. Figure 4 shows the two effects mentioned in 
sections 3 and 4: the introduction of the transport of momentum due to the rotation evo- 
lution that slightly increases the difference between SSM models and helioseismology. 
Here the comparison is done on the SSM that includes the old composition of Grevesse 
& Noels (1993), it was not yet containing the updated of the CNO composition, in that 
case, the difference between SSM and SSeM is slightly reduced. On the right of the 
figure is shown the effect of introducing a stronger initial mass to simulate the initial 
activity and its associated mass loss. I n this case the discrepancy between S SM and 
SSeM is slightly reduced. See details in lTurck-Chieze. Piau & Couvidatl d201lh . 



5. The missing processes and the difficulty to introduce them 



Figure 5 shows the different steps in the formation of stars (lAndre 1 120021) . If in 



phase 0, accretion dominates, in phase II corresponding to the PMS, solar analogous 
of 2 Myrs show that mass loss d ominates accretion by an order of magnitude with 
complex magnetic configuration dDonati et al.l 120071 : iDonati & Landstreetl l2009l) .The 
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building of real dynamical models of solar-like stars consists to introduce other pro- 
cesses like the presence of a fossil magnetic field built in the first stage during this 
extremely active phase when the star was still connected to the disk and largely con- 
vective. More and more indicators call for such a complex view of the radiative zone. 
We have begun to build some key ingredient to explore such possibility in using a 
magnetic field topology which takes into account poloidal and toroidal mixed fields 



( Duez. Ma this & Turck -Chiezell20 1 61) . The difficulty is to estimate the strength of such 



a field and to find some indirect manifestation of this field: one could think to quadrupo- 
lar moments but they seem to be ra ther properly explained by the rotation profile 
( Duez. Turck-Chieze & Mathis 11201 if) or to so me effects on the quadrup olar gravity 



modes but their identification is still puzzling (ITurck-Chieze et al.1 12004) . We shall 



begin with toy models of transport of momentum by magnetic field and diffusion as 
suggested by Math is & Zahn I (2006). Other stars, observed in seismology, will help in 



this new progress to build more realistic representation of solar-like stars and the bridge 
between young stellar object and main sequence stars. 
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